within the RTF with coordinates 67.5 to 68.9 kilobase units (kb). In an accompanying paper, Ptashne and Cohen (1975) show that the insertion sequence IS3 occurs on R6 and R6-5. R100-25, a traC mutant, differs from its parent R100-1 only in that it contains an additional copy of IS1 inserted within the tra gene region of 82.1 kb. R100-31, a traX, Tc8 mutant of R100-1, is deleted in R100-1 sequences starting at one of the IS3 termini (46.9 kb) and extending with RTF to 61.0 kb. Heteroduplex studies of F plasmids with the DNA of a X phage bearing insertion sequence IS2 show that the sequence of F with coordinates 16.3-17.6F is IS2. The occurrence of IS1 at the two junctions of R-determinant DNA and RTF DNA in R plasmids provides a structural basis to explain the mechanism of the previously observed formation of molecules containing one RTF unit and several tandem copies of the R-determinant unit, when R plasmids in Proteus mirabilis are grown in the presence of antibiotics, and the segregation of an R plasmid into an RTF unit and an R-determinant unit. In general, correlation of our results with previous studies shows that insertion sequences play a role in a variety of F-and R-related intra-and intermolecular recombination phenomena.
Heteroduplex experiments between the plasmid R6 and one strand of the deoxyribonucleic acid (DNA) of a X phage carrying the insertion sequence IS1 show that 1S1 occurs on R6 at the two previously mapped junctions of resistance transfer factor (RTF) DNA with R-determinant DNA. From previous heteroduplex experiments, it then follows that IS1 occurs at the same junctions in R6-5, R100-1, and Rl plasmids. Heteroduplex experiments with the DNA from a X phage carrying the insertion sequence IS2 show that one copy of IS2 occurs in R6, R6-5, and R100-1 (but not R1) at a point within the RTF with coordinates 67.5 to 68.9 kilobase units (kb). In an accompanying paper, Ptashne and Cohen (1975) show that the insertion sequence IS3 occurs on R6 and R6-5. R100-25, a traC mutant, differs from its parent R100-1 only in that it contains an additional copy of IS1 inserted within the tra gene region of 82.1 kb. R100-31, a traX, Tc8 mutant of R100-1, is deleted in R100-1 sequences starting at one of the IS3 termini (46.9 kb) and extending with RTF to 61.0 kb. Heteroduplex studies of F plasmids with the DNA of a X phage bearing insertion sequence IS2 show that the sequence of F with coordinates 16.3-17 .6F is IS2. The occurrence of IS1 at the two junctions of R-determinant DNA and RTF DNA in R plasmids provides a structural basis to explain the mechanism of the previously observed formation of molecules containing one RTF unit and several tandem copies of the R-determinant unit, when R plasmids in Proteus mirabilis are grown in the presence of antibiotics, and the segregation of an R plasmid into an RTF unit and an R-determinant unit. In general, correlation of our results with previous studies shows that insertion sequences play a role in a variety of F-and R-related intra-and intermolecular recombination phenomena.
Insertion sequences that cause strongly polar mutations have been identified in Escherichia coli and coliphages (5, 14, 16, 28, 31 ; for a review, 36). The present study is particularly concerned with IS1 and IS2, which have lengths of about 800 and 1,400 nucleotide pairs, respectively (8-10, 17, 30) . Hybridization studies have indicated that multiple copies of both IS1 and IS2 occur in the chromosome of E. coli K-12 (29) , that IS2 occurs in the F plasmid (29) , and that IS1 occurs in some R plasmids (H. Saedler, personal communication there is a low level of hybridization of X pgal::IS1 DNA to F plasmids is due to nonspecific hybridization of gal sequences; we believe that IS1 does not occur on F [H. Saedler, personal communication] ).
In the work reported here, we have applied the electron microscope heteroduplex method to test for the presence of and, where present, to map IS1 and IS2 on F and on several R plasmids. In an accompanying paper, Ptashne and Cohen (24) report their discovery that IS3 occurs in R plasmids and also report their independent observations on the occurrence of IS1 in R plasmids.
The basic idea of the experiment was to attempt to prepare a heteroduplex between a strand of X deoxyribonucleic acid (DNA) or a X gal DNA bearing an IS insertion with a strand of a suitable F' or R plasmid. We are seeking to see heteroduplexes involving a region of homology 800 or 1,400 nucleotide pairs in length. The F' and R plasmids have lengths of about 90,000 nucleotide pairs and the X DNA molecules have lengths of about 46,500 nucleotide pairs. Therefore, if one starts with a mixture of equal amounts of the two duplex DNAs, dissociates and reassociates, homoduplex formation will be much, much faster than any heteroduplex formation. Preparations of separated complementary strands of the A DNAs were, available; preparations of separated complementary strands of F' or R plasmids were not readily available. Heteroduplexes of interest were therefore prepared using a preparation of one of the complementary strands of the X DNA and a mixture of the two strands of the F' or R plasmid DNA.
The results of a conceptually independent investigation of the properties of several plasmids derived by Plkc transduction of the plasmid R100-1 also provide information on the occurrence and properties of IS sequences on R plasmids. These results are also reported here.
MATERIALS AND METHODS
Strains, plasmids, and bacteriophage. Bacterial strains and plasmids are listed in Table 1 . Bacteriophage were prepared from the lysogens listed in Table  2 . Transducing phage were carried as double lysogens with a helper phage.
Preparation of plasmid DNA. Bacteria were grown, and closed circular plasmid DNA was extracted and converted to the singly nicked form by X-rays as described previously (21, 34 (33, 38) . The R-determinant region contains all of the other known genes for antibiotic resistance. A part of the RTF segment is homologous to that part of F which codes for tra genes (33, 34) .
A map of R6, including the positions of the RTF sequences, is shown in Fig. la . The system for assigning coordinates to the several R plasmids proposed by Sharp et al. (33) is explained in the legend to Fig. 1 . A single strand of R6 contains two duplex regions due to rapid intramolecular reassociation (fold-back) of inverted repeat sequences. In each case, a short single-strand loop separates the complementary sequences. The notation introduced in Fig. 1 for inverted repeat structures is as follows. For each inverted repeat, the duplex stalks are denoted by d. The two different inverted repeat structures on R6 are denoted by subscripts a and b, respectively; they differ in both length and base sequences. For any one inverted repeat, the two complementary sequences that reassociate to form the duplex stalk are denoted by numerical subscripts, for example, dal and d'a2. The prime indicates that d'a2 is inverted and complementary to dai. Similarly, dbl and d'b2 are mutually complementary sequences on a single strand of R6. The inverted repeat features provide reference points on R6 for heteroduplex analysis; for example, the coordinates on R6 of an IS duplex region in a heteroduplex of R6 with an X DNA can be measured by measuring the distances to these inverted repeat features.
The DNA of phage Xrl4 contains an IS1 sequence inserted into the xycIIOP operon (5, 10) . Its structure is shown in Fig. lb .
Relaxed circular duplex R6 DNA and an excess of heavy (H) strands of Xrl4 were treated with NaOH to denature the R6 and neutralized and incubated under renaturing conditions as described in Materials and Methods. The reaction conditions were such that about 50% of the R6 strands reassociated to homoduplexes. Approximately 1% of the R6 strands were seen as R6-Xrl4 heteroduplexes. The duplex region was the IS1 sequence, as shown by its length and its position on the Xr14 strand. IS1 maps at the two different sites shown in Fig. lc on R6. (Because of the low probability of heteroduplex formation, only one site was occupied in most of the heteroduplexes seen.) Electron micrographs are shown in Fig. 2 and 3 . Quantitative distance measurements show that, within experimental error, the two IS1 sites map at the two junctions of RTF DNA with R-determinant DNA on R6. Previous studies have shown that these junction regions are identical by the heteroduplex criterion in R6, R6-5, R100-1, and Ri (33); thus, within experimental error, IS1 occurs at the two junctions for all of these R plasmids.
IS2 occurs on R6-5, R6, and R100-1. The inverted repeat sequence da of Fig. 1 Fig. 4b (5, 10) . We did not observe any heteroduplexes with Xr32 hybridized to the da sequence of R6-5; however, we did observe heteroduplexes at the position within the RTF shown in Fig. 4c . The studies by Sharp et al. (33) show that this particular sequence, now identified as IS2, occurs in R6, R6-5, and R100-1, but is missing in Rl.
Insertion sequences on R100-1 derivatives. R100-31 and R100-25 are transfer-defective (tra) mutants of R100-1 produced by Plkc transduction (23) . A study by one of us (E. 0.) on the structures of these two plasmids is described here because the results for R100-25 confirm the direct heteroduplex studies on the mapping of IS1 in R plasmids and those for R100-31 provide additional interesting information on the properties of the sequence da (cf. Fig. 4) .
The final structures of R100-1, as previously determined (33) , and of R100-25 and R100-31, as determined in the present investigation, are shown in Fig. 5 . Fig. 5 ; for further details, see Fig. 3 of ref. 7) . A heteroduplex study of R100-1/R100-25 shows that the latter is completely homologous with R100-1 except that it carries an insertion 760 + 120 nucleotides in length. From a study of the two inverted repeatloop structures seen in single strands of R100-25 (Fig. 5b) , this insertion maps at R100-1 coordinate 82.1 and is an inverted repeat of a sequence which occurs in duplicate in a direct order on R100-1 with coordinates 12.9-13.7 and 31.5-32.2. This region of the chromosome is homologous between R100-1, R6, and R6-5 (33). Therefore, we now recognize that this repeated sequence on R100-1 is IS1. Therefore the insertion at 82.1 kb on R100-25 responsible for the traC (G) defect is IS1, inserted with a polarity opposite to that of the two IS1 sequences of R6, R6-5, and R100-1. The map position of the insertion at 82.1 was confirmed by a study of the heteroduplex of R100-25 with R100-31, whose structure is described below.
A study of the heteroduplexes of R100-1 with R100-31 shows that the latter is a deletion variant of R100-1. This deletion extends from one end of the d'a2 segment (R100-1 and R6 coordinates of 46.9) clockwise to 61.0 kb (Fig. 5) . Several heteroduplex studies established this conclusion; the simplest and most direct are the two structures for the R100-31/R100-1 heteroduplex shown in Fig. 5d and discussed in the legend. R100-31 has lost the Tcr property and is defective in traX; the simplest interpretation of these facts is that these genes map in the interval 46.9 to 61.0 kb. The traX cistron was known to lie clockwise of 60 kb (R100-1 coordinates) but had not otherwise been mapped (23, 24) . Sharp et al. (33) inferred from the position of the Tc-inactivating insertion in R6-5 that the Tc gene lies in the R6 loop from 46.9 to 53.6 ( Fig. 1) , which is consistent with the structure for R100-31.
Insertion sequence on F. We chose to use the plasmid F13-4 in our initial search for IS sequences on F. Its structure as determined by Hu et al. (12) is shown in Fig. 6a. F13-4 Fig. 7 .
Xr32 DNA, which carries IS2 in the xycIIOP operon (5, 10) , formed the heteroduplex shown in Fig. 6b with F13-4 . A micrograph is shown in Fig. 8 However, as explained below, there were reasons to suspect that 16.3-17.6 F was an insertion sequence of some sort. Previous studies (22) .I %~~~~~~~~~~~~~~~~%% l9b .. (9), and of the heteroduplex between them (c). Since k80darg(G) was known to contain the 16.3-17.6F sequence, the heteroduplex structure confirms the identification of this sequence as IS2.
fore this is the sequence on F13-4 involved in duplex formation with Xr32.
DISCUSSION
The heteroduplex studies reported here show that IS sequences occur at several different sites on R and F plasmids. As discussed below, some of these sites play special roles in F and R plasmid-related recombination phenomena. A map summarizing the structures of the several R plasmids is displayed in Fig. 11 .
One important reservation should be noted. What we have actually observed is that authentic, genetically characterized IS sequences on several phage DNAs will form duplex regions with certain segments on R and F plasmids under the conditions of hybridization used in heteroduplex experiments. The formation of hybrids does not guarantee that the sequences are identical. The conditions of hybridization in heteroduplex experiments are not very stringent (Tm -25C); therefore, there may be considerable sequence mismatch between two segments which associate to form a duplex. IS sequences are genetically defined as sequences found as insertions in certain spontaneous, strongly polar mutations (4, 5, 10, 14, 16, 28, 31; see review in 36) . This activity may be associated with enzymes coded for by the IS sequence and/or very specific substrate sequences at the two boundaries. It is not known whether any particular one of the homologous sequences found on R and F plasmids has the necessary functional properties of an IS sequence. Having noted this caveat, we shall continue to refer to the sequences on R and F plasmids as IS1 and IS2.
IS1 occurs at the two junctions of RTF DNA with R-determinant DNA in the plasmids Rl, R100-1, R6, and R6-5. Several previous studies have shown that when R plasmids are grown in Proteus mirabilis, recombination or replication phenomena occur leading to the formation of separate molecules containing only RTF and only the R-determinant segments of the entire R plasmid (6, 35) and/or of molecules containing one RTF unit and many tandem copies of the R-determinant segment (26, 27) .
A plausible and natural mechanism for the segregation of an entire R plasmid into an RTF segment and an R-determinant segment is reciprocal recombination between the two IS1 sequences at the two junctions between the RTF and R-determinant components of the entire R plasmid. This mechanism is illustrated in Fig.  12 .
Molecules containing one RTF segment and many R-determinant segments are formed when P. mirabilis strains carrying an R plasmid are grown in the presence of high concentrations of antibiotics (26, 27) . We surmise that the structure of such a molecule is as shown in Fig.  12 , with an IS1 at each junction of RTF with an R-determinant and at each junction of one R-determinant segment with another. It is not known whether the formation of such molecules involves unequal crossing-over in recombination or some unequal form of replication generating tandem repetitions. In either case, the IS1 sequence would play a central role in the formation of the molecule containing multiple copies of the R-determinant segment when a bacterium is grown in the presence of antibiotics. When the high concentration of antibiotics is removed from a P. mirabilis culture, the R plasmids revert back to their normal structure with one RTF and one R-determinant. Recombinations of some of the IS1 sequences could be the mechanism for such a segregation. There must be, however, additional specific mechanisms that control the sizes of the plasmids in the presence and absence of antibiotics.
We have observed that IS2 occurs in R6-5 at the position 67.5-68.9 kb (Fig. 4) . R6 and R100-1 are homologous to R6-5 in this region; Rl and F are not (33) . The R6, R100, and Rl plasmids are independent isolates from Germany, Japan, and England, respectively (2, 15, 18) . If they are all derived from a common ancestor, the insertion of IS2 from some other DNA may have occurred after divergence of Rl but before the divergence of R6 and R100 from each other. The tra genes of F (other than traJ) are transcribed as a single operon under the control of traJ (2), which has F coordinates between 62 and 68 and therefore R6 coordinates of approximately 61 to 66 (33 We strongly suspected that the da sequence of scription in the other (30) . In the orientation the R plasmids ( Fig. 1 and 4) (34) . The Hfr parent of F13 is Hfr 13. We have previously proposed that the structure of F13 indicates that the chromosome of Hfr 13 was formed by reciprocal recombination of the IS2 sequence of F with an IS2 sequence resident on the chromosome of the F+ parent of Hfr 13 (12) .
It has been suggested that a plausible mechanism for the translocation of an IS sequence in a DNA molecule consists of two steps: (i) excision with or without duplication of the IS sequence from some other position on a DNA molecule by reciprocal recombination between its two ends to generate a small circular molecule (which has never been detected [11 ] ); and (ii) reintegration of this small circular IS without circular permutation at a new point (8, 10 In addition to participating in reciprocal exchanges involved in segregation or integration events, the special sequences of F and R (including IS2) that are active in recombination events also seem to participate in half-site specific recombination exchanges (7, 25, 37 
